for estimates of root production and the capacity of soils to store carbon. If most root biomass is long-lived, the amount of plant carbon used to grow roots has been overestimated in the past. However, if root populations are skewed significantly, the relationship between the mean age of a plant root system and its annual root production (that is, inventory divided by mean age) no longer holds (see the figure) .
The total transfer of plant carbon below ground is constrained by measurements of soil respiration and leaf litterfall (8) . This carbon supports all root functions, not just growth. If less carbon is used to grow long-lived roots, then more must go to ephemeral roots, root exudates, fungi, and root respiration. If carbon cycling through these components returns to the atmosphere quickly, below-ground carbon storage potential may indeed have been overestimated. However, we do not really understand the pathways this carbon takes; some may be retained in soils for many years through microbial recycling or sorption mechanisms.
It remains unclear why some roots survive for years while others die quickly. Radiocarbon and minirhizotron data from the same forest in central Sweden show that roots 0.3 mm in diameter can live for 3 months or 8 years (9) . Root studies must move beyond sampling based on arbitrary criteria such as diameter. Sampling based on root form and function (10) could perhaps be done by focusing on root branching order, length, and nitrogen content, or by relating root function to root age (11).
Unless we recognize that root behavior is as complex as that of its counterparts above ground, the rules governing transfer of carbon to roots and the role of roots in soil carbon cycling will remain well-kept secrets.
M
ost information on atomic structure at our disposal today comes from diffraction experiments. When a beam of electrons or x-rays hits a material, part of the radiation is scattered, giving rise to a diffraction pattern from which the atomic structure of the material can be retrieved. However, until recently, only static structures could be observed. This meant that, for example, the extremely fast changes in atomic configuration associated with chemical reactions could not be observed. Only the initial state and the outcome of a chemical reaction could be captured.
To directly monitor the changes in atomic configuration underlying the breaking or formation of chemical bonds requires a time resolution of 10 −14 s (10 femtoseconds) to 10 −12 s (1 picosecond). On page 1382 of this issue, Siwick et al. (1) demonstrate electron diffraction experiments with a time resolution of 5 × 10 −13 s. On this fast time scale, they can monitor the changes in atomic configuration that occur when an intense short laser pulse causes aluminum metal to melt within a few picoseconds. The work is a new landmark in time-resolved structural investigations.
Ultrafast electron diffraction was first demonstrated almost a decade ago by Williamson et al. (2) , who achieved a time resolution of ~20 picoseconds. Zewail and co-workers have pioneered picosecond time-resolved electron diffraction studies of chemical reactions in the gas phase (3) . Subpicosecond x-ray pulses have also been generated, enabling researchers to perform ultrafast x-ray diffraction experiments on laser-induced structural transitions in semiconductor crystals. X-ray diffraction from selected lattice planes of the crystals was measured during and after strong excitation by an ultrashort laser pulse. The long-range atomic order typical of the crystalline state was destroyed within a few hundred femtoseconds (4, 5) , indicating that the structural transition from the solid to the liquid state occurred during this very short time.
In a recent extension of time-resolved x-ray diffraction, much more subtle atomic motions that leave the crystalline order intact have been observed. In these experiment, snapshots of the atomic configuration were recorded that revealed a coherent vibrational mode of the crystal atoms set up by a femtosecond laser pulse (6) . However, only selected features of the atomic structure could be measured in these xray time-resolved diffraction experiments. To date, it has not been possible to obtain more complete structural records, mainly because the weak pulses from today's laser-driven subpicosecond x-ray sources make it very difficult to gather the data needed for a full evaluation of the atomic structure. This limitation should be overcome in the future when much more powerful sources such as x-ray free electron lasers become available (7) .
Electrons offer a basic advantage over xrays for the exploration of atomic structure: They are scattered much more efficiently than x-rays. The scattering cross sections (a measure of the strength of the interaction with the atoms) for electron scattering exceed those for x-ray scattering by more than a factor of 10 5 . However, it is difficult to squeeze electrons into a short pulse. The reason is that electrons are electrically charged particles, which repel each other. The more electrons in a pulse, the faster the pulse broadens during propagation from its source to the target. This basic difficulty long prevented the generation of sub-
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The author is at the Institute for Laser and Plasma Physics, University of Duisburg-Essen, 45117 Essen, Germany. E-mail: phy600@uni-essen.de picosecond or femtosecond electron pulses for use in diffraction experiments. If the incident pulse contains too few electrons, the number of diffracted electrons is too small to obtain a high-quality diffraction pattern. Siwick et al. overcome this difficulty by using a carefully designed electron "gun" (the device that produces the electron pulses). They demonstrate the power of this accomplishment by obtaining the complete structural record of a material undergoing a laser-induced transition from the ordered crystalline solid phase to the disordered liquid phase.
The diffraction pattern measured before the arrival of the laser pulse reveals the well-known structure of aluminum metal. The atoms are arranged in a regular array called a face-centered cubic lattice, in which each atom is surrounded by 12 neighbors. When the laser energy is deposited in the material, this order is maintained for a little more than a picosecond. The atoms then begin to oscillate violently around their equilibrium position as a result of the rapid heating caused by the laser pulse. The data reveal that during the initial picosecond, the temperature of the solid material greatly exceeds the normal equilibrium melting temperature, a rare phenomenon called superheating. During the next few picoseconds, the regular atomic order collapses completely, and a structure characteristic of the liquid state emerges.
The study of Siwick et al.
(1) significantly extends the scope of time-resolved structural investigations. The rapid progress in this field will have a great impact on many areas of science, and both electron and x-ray diffraction are likely to play an important role. Time-resolved electron diffraction is particularly well suited for surface studies, such as the investigation of surface chemical reactions. This could lead, for example, to further progress in understanding the mechanisms of surface catalysis. R ecent advances in semiconductor growth and processing techniques are providing unprecedented possibilities for creating artificial crystal structures with new properties. Scientists are exploiting this ability to realize innovative devices-from diodes and transistors to lasers and modulators-with specifically designed functionalities and performances.
The latest milestone in this area is reported by Colombelli et al. on page 1374 of this issue (1) . The authors have produced a "metamaterial" in which the electronic band structure and the electromagnetic field dispersion are tailored and matched to create a unipolar injection laser capable of vertical emission. The device combines two concepts that are enjoying vast success in fundamental and applied solid-state science: quantum cascade lasers (2, 3) and photonic crystals (4, 5) .
In a quantum cascade laser, radiation is generated by electronic transitions in a structure consisting of alternating layers of two semiconductor materials. The energy levels of the crystal electrons can be tuned by controlling the thickness, periodicity, and composition of the layers. Quantum confinement splits the bulk conduction band into subbands and minibands, which determine electrical transport and enable new optical transitions. When a bias voltage is applied across the material, a periodic cascade of such intersubband transitions is established. The population inversion necessary for lasing is then achieved through electrical injection (2, 3) .
Because the properties of the above gain material can be controlled through design, quantum cascade lasers are highly versatile (6, 7) . However, their most striking feature is their frequency adaptability (see the figure, left panel): Quantum cascade lasers are the only solid-state lasers that can operate in a broad wavelength range from 3 to about 150 µm. Applications include chemical recognition and sensing [for example, for environmental monitoring, inspection of production processes, and security controls (3)], biomedical or industrial imaging, and DNA diagnostics.
One characteristic, however, is shared by all quantum cascade lasers. Because the translational invariance of the crystal is broken only in the growth direction, radiation is emitted mainly in the plane orthogonal to this direction. This feature prevents the realization of vertical-cavity surfaceemitting devices, which, in contrast, are widely used for conventional interband semiconductor lasers because they simplify coupling with optical fibers, are more efficient, and allow massive parallelization.
Colombelli et al. elegantly circumvent this limitation by using a two-dimensional photonic crystal structure (1) . In a photonic crystal, the refractive index is periodically modulated, so that only a restricted range of wave vectors (called the Brillouin zone) is available for light propagation.
This results in the creation of photonic bands (4, 5) , similar to electronic bands in a solid. Photonic crystals offer new opportunities for manipulating light, for example, by confining it to length scales comparable to its wavelength, preventing its propagation (4, 5), or even causing negative refraction (8) . Applications include specialty fibers (9) and planar waveguides for onchip optical interconnects and photonic circuits (10) .
Colombelli et al.
(1) use lithography to create a two-dimensional photonic crystal within the planar quantum cascade waveguide. In their structure, optical modes of appropriate frequency ω are created with wave vector k xy < ω/c (where c is the speed of light), as a result of the formation of photonic bands (see the figure, right panel). This condition ensures that light can radiate vertically in the direction orthogonal to the waveguide plane. Furthermore, some of the low k xy modes so created possess zero dispersion; these planar stationary waves in the x-y plane provide the necessary feedback for laser action on the intersubband transition. Beyond vertical emission, this solution enables miniaturization of the device size down basically to the laser wavelength. The two properties are very appealing for parallel integration of many quantum cascade lasers on the same chip.
How will these new possibilities impact quantum cascade research and technology? For mid-to far-infrared quantum cascade lasers, they do not seem to offer great advantages, especially because surface emission and miniaturization are achieved-at least in this first implementation-at the expense of more relevant performance characteristics such as output power and threshold. However, the regular and controllable beam profiles of photon-
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